ABSTRACT In this review, we discussed the establishment of a so-called "theranostic" system by instituting the basic principles including the use of: [1] magnetic iron oxide nanoparticles (MION)-based drug carrier; [2] intra-arterial (I.A.) magnetic targeting; [3] macromolecular drugs with unmatched therapeutic potency and a repetitive reaction mechanism; [4] cell-penetrating peptidemediated cellular drug uptake; and [5] heparin/protamine-regulated prodrug protection and tumor-specific drug re-activation into one single drug delivery system to overcome all possible obstacles, thereby achieving a potentially non-invasive, magnetic resonance imaging-guided, clinically enabled yet minimally toxic brain tumor drug therapy. By applying a topography-optimized I.A. magnetic targeting to dodge rapid organ clearance of the carrier during its first passage into the circulation, tumor capture of MION was enriched by >350 folds over that by conventional passive enhanced permeability and retention targeting. By adopting the prodrug strategy, we observed by far the first experimental success in a rat model of delivering micro-gram quantity of the large β-galactosidase model protein selectively into a brain tumor but not to the ipsi-or contra-lateral normal brain regions. With the therapeutic regimens of most toxin/siRNA drugs to fully (>99.9%) eradicate a tumor being in the nano-molar range, the prospects of reaching this threshold become practically accomplishable. 
. Most brain tumors are primary, meaning that they rarely spread beyond the brain, as opposed to metastasic. Nearly 15-35% of brain tumors belong to glioblastoma multiforme, the most aggressive malignant brain tumor with average survival of less than 1 year after diagnosis, even with extensive treatments including surgery, radiation and chemotherapy (1) (2) (3) (4) . More adults die each year of brain tumors than of Hodgkin's disease or multiple sclerosis (5) . Treatment of brain tumor faces a unique challenge comparing to other cancer types, because not only brain tissue is protected externally by the skull, which constrains the volume and regulates intracranial tissue pressure (6) , but also are embedded deeply within an organ which carries a multitude of vital functions. Hence, even a benign brain tumor can be life-threatening and has to be removed, if it is in an area of the brain where it compresses structures that control critical body functions such as breathing or blood circulation. Treatment normally begins with surgery and is then followed with radiation and/or chemotherapy (7, 8) . However, when surgeons take out tumors elsewhere, they usually cut away some of the normal surrounding tissue for added assurance that all harmful cells have been removed. In the brain, removing extra tissue is not a ready option, since brain cells carry out specific, vital functions. Radiation can harm normal tissues that are near the treatment pathways (9) (10) (11) . Indeed, the use of radiation on children under the age of 3 is often prohibited, because this is a critical time period of brain development (12) . Chemotherapy has been offering very limited applications, primarily attributed to the palliative response and induction of systemic toxic effects due to lack of tumor selectivity of the drugs (13) . Hence, the need of developing a non-invasive, clinically effective drug therapy in managing brain tumors is both acute and imperative, and the quest for such a system is of the greatest urgency. Developing such a brain drug delivery system (DDS) faces a host of challenges, which had been described in some review articles (14) (15) (16) (17) . In general, limitations can be largely linked to five areas including: [1] skull protection and lack of targeting specificity for brain tumors; [2] low tumor accumulation of the drug carrier due to their rapid clearance; [3] lack of therapeutic potency for existing drugs; [4] impermeability of tumor membrane to drug uptake; and [5] druginduced toxic effects on normal tissues.
Herein we illustrate an innovative system that can synchronize magnetic resonance imaging (MRI) with drug therapy for treatment of brain tumors.
THE DRUG DELIVERY SYSTEM ADDRESSING FIVE CHALLENGES
Proposed herein is a novel brain DDS that is capable of synchronizing MRI with brain tumor drug therapy. It integrates existing state-of-art technologies including [1] magnetic iron oxide nanoparticles (MION)-based drug carrier; [2] intra-arterial (I.A.) magnetic targeting; [3] macromolecular drugs (e.g. toxins) with unmatched therapeutic potency and a repetitive reaction mechanism; [4] cell-penetrating peptide (CPP)-mediated cellular drug uptake; and [5] heparin/protamine-regulated prodrug protection and tumor-specific drug re-activation into a single platform to prevail over each and all of the indentified challenges in achieving a non-invasive, MRI-visualized, highly efficacious yet safe brain tumor drug therapy with least drug-associated toxic effects.
As illustrated in Fig. 1 , the system utilize MIONs as the drug carrier and a magnetic field around the head as the tool to achieve specific and selective brain tumor imaging and targeting. A macromolecular compound such as protein toxins or siRNA will be selected as the drug candidate (18, 19) . The drug will be chemically linked through a cytosol-degradable S-S bond to low molecular weight protamine (LMWP), a proven non-toxic yet potent CPP (20) (21) (22) (23) (24) (25) . On the other hand, the MION carrier possessing superparamagnetic behavior and a large magnetic core structure with superior magnetophoretic mobility will be synthesized and then coated with a biocompatible heparin-dextran polymer. The LMWP-modified drug (LMWP-Drug) and the heparin-coated MION (Hep-MION) automatically group into a nano-scale complex via electrostatic interaction between the positively charged LMWP and negatively charged heparin. Following self-assembly, the LMWPDrug/Hep-MION complexes would display a unique prodrug feature during tumor targeting, due to inhibition of the cell-penetrating function of LMWP by heparin binding (26, 27) . To bypass the first-pass organ clearance thereby maximizing MION accumulation at the brain tumor, the drug-loaded MION carriers will be administered through a carotid catheter. Optimized magnetic field topography and a MRI-guided procedure to align the tumor lesion of the testing animal with the region of the maximal magnetic flux density, which has been successfully established previously (28), will be followed to abort possible embolism of afferent arterial vasculature due to I.A. injection as well as to maximize the selectivity of brain tumor targeting. After accumulation of the MION carriers at the interstitium of the tumor by both the EPR-mediated passive and magnetic-induced active tumor targeting, a rapid and oncommand release of LMWP-Drug from the Hep-MION carriers will be triggered by administration of protamine, a clinical heparin antidote (29) that binds heparin stronger than LMWP (30) . Although it has been reported that I.A. administered protamine can cross blood-brain barrier (BBB) and reach the brain parenchyma (31) , protamine is given via the nasal route to achieve the highest efficacy and safety. Preliminary results (data not shown) reveal that nasal route can lead to a rapid transportation of a sufficient amount of protamine into the brain for this triggering purpose. Taking advantage of our early findings that MION are cleared quickly (~5 min) from circulation (also from the normal brain) but retained for several hours in the tumor due to post-effect of magnetic targeting (32), protamine will be administered immediately after significant MION accumulation in the tumor is verified with MRI, thereby enabling the drug-induced toxic effect caused by non-specific uptake of the released but unmasked LMWP-Drug to be attenuated. Once inside the tumor cells by the LMWP-mediated internalization process, the drug is detached from LMWP via degradation of the S-S bond by the presence of elevated glutathione and reductase activity in the cytosol (33, 34) , initiating tumor apoptosis. Due to its cell-impermeable nature, the cytosoldelivered macromolecular drug would not be affected by the multi drug resistance effect. Overall, the proposed brain tumor drug therapy should be both safe and non-toxic, because only a negligible amount of unmasked LMWP-Drug would be present in circulation after protamine administration to interact with normal tissues, due to the short plasma half-life of MION.
Reviewed below are our previous findings that provide solutions to all the five challenges (Table I) and also a proofof-concept demonstration of the general feasibility of this DDS.
SOLUTION TO CHALLANGE 1: APPLICATION OF MION AND MAGNETIC TARGETING
Unlike other organs, the brain is encased in the skull that protects it from outside forces. The hard-built bone structure of the skull renders the brain least accessible to drug delivery via direct injection methods. Application of MION as the drug carrier for tumor targeting is thus an appealing strategy in resolving the skull barrier because, with the aid of an external magnetic field, this approach could deliver drugs to any site of choice. In addition, it was shown that MION could penetrate through the tumor capillary endothelium via the enhanced permeability and retention (EPR) effect (35) , which means certain sizes of molecules (typically liposomes, nanoparticles, and macromolecular drugs) tend to accumulate in tumor tissue much more than they do in normal tissues. To take the full benefit of the EPR effect for tumor targeting, MION should be controlled within the size range of 100-300 nm. It has been reported that particles >300 nm will be subjected to hepatic and reticuloendothelial system (RES) clearance, whereas <10 nm will be cleared by renal filtration. Applying an external magnetic field would not only upgrade this EPR passive targeting to an active magnetic targeting, but also provides a magnetic-enhanced retention of MION once they are captured in the tumor interstitium. Added to tumor targeting is an even more attractive clinical feature for MION. As noted, MION is an enhancer of proton spin-spin (T2/T*2) relaxation, and thus the reduction in signal intensity due to their accumulation could render the effects of drug therapy being non-invasively monitored via the use of clinical MRI.
Visualization of Brian Tumor Targeting via MRI
To examine the benefits of utilizing MION as the drug carrier in achieving magnetic-mediated active targeting and MRI visibility of the brain tumor, starch-coated MION (branch name: G-100) was injected via the tail vein into the Fig. 1 Schematic illustration of the proposed brain drug delivery. glioma-bearing rats and then subjected to experiments (36) . Figure 2 presents a subset of a typical series of MRI images obtained from (a) magnetically targeted; and (b) non-magnetically targeted animals before and after intravenous (I.V.) injection of MION. The brain tumors were clearly visible on the baseline T2-weighted images in both animal groups. As seen in Fig. 2a , the gradient echo (GE) images of the targeted animal acquired 1 and 3 h post injection (0.5 and 2.5 h post magnetic targeting, respectively) exhibited a region of pronounced hypo-intensity compared to the baseline GE image. This hypo-intense region indicated the presence of magnetic nanoparticles within the tumor tissue. In contrast, the post-injection images of the non-targeted animal (Fig. 2b ) displayed no detectable signal reduction within the glioma lesion. These results indicated that MION accumulation in the tumor by conventional passive targeting via EPR was nearly negligible. However, with use of magnetic targeting, both the accumulation and retention of MION in the tumor were vastly improved to a degree that was clearly visible by MRI.
Quantification of MION Accumulation by MRI
To quantitatively determine MION accumulation in the brain, we developed an innovative technique that would allow inferring information from R2 relaxivity maps of the animals, assuming that the change in relaxivity relative to the pre-scan (dR2) would be dictated by the change in MION concentration (32) . Briefly, the R2 values used to analyze the time course of R2 relaxivity change after MION administration were obtained from the mean signal intensity within the defined regions of interest (ROI; manually drawn in the tumor lesion and contralateral normal brain) on the R2 relaxivity maps. The change in R2 relaxivity caused by the presence of the contrast agent (i.e. MION) within the tissue of interest at time t (i.e. dR2(%)), expressed as percentage change of the initial (pre-scan; t=0) relaxivity value according to the equation :
would correlate to MION concentration in the tissue at the specific time t. To verify our results, dR2 changes measured in vivo using MRI were compared to MION concentrations precisely quantified ex vivo by using the electron spin resonance (ESR) method. As known, ESR has been used widely to directly quantify the presence of paramagnetic species (37) (38) (39) . As shown in Fig. 3 , the ESR results obtained from the excised tumors were found to be linearly correlated (slope=0.57 g tissue/nmol Fe, p=0.0001, R2=0.88) with the dR2 data acquired from the MRI image map. passive targeting was relatively minimal, despite the pronounced differences in vascular permeability between the intact BBB and the compromised blood tumor barrier.
SOLUTION TO CHALLANGE 2: MAGNETIC TARGETING VIA INTRA-ARTERIAL (I.A.) ADMINISTRATION
Despite the 11.5-fold increase in the total glioma exposure to MION by magnetic targeting over the non-targeted tumor tissues, the overall MION accumulation in the tumor (i.e.~30 nmol Fe/g tissue) was still below 0.01% of the initially administered dose (12 mg Fe/ kg); a finding consistent with that documented in the literature (40, 41) . This was primarily due to rapid renal and hepatic clearance of MION, particularly of those with positive charges. It was reported that polylysine-coated MION had a plasma halflife of merely 1-2 min (42). I.A. administration offers the advantage of allowing carriers to bypass renal and hepatic clearance during their first passage through the circulation, and was therefore exploited to further enhance brain tumor magnetic targeting. It should be pointed out that with recent advances in endovascular technology and the increased safety of angiographic procedures, carotid administration of nanoparticles has become a clinically-relevant alternative to I.V. injection (43) .
Nonetheless, achieving a high first-pass nanoparticle concentration with intra-carotid administration can also present a serious pitfall in conjunction with magnetic targeting. Consistent with findings by other investigators (43), we discovered that when mice were injected with high concentrations of MION, significant embolism of the afferent vasculature occurred due to their aggregation (see results later). Occlusion of the carotid artery, which directly supplies the normal brain parenchyma, can lead to severe neuro-sequelae (44) and must thus be avoided. Also, blockage of the blood flow would hinder the convective transport of MION towards the tumor site. Magnetic field topography and strength have been shown the capability in modulating the extent of MION aggregation at arterial and capillary blood flow rates (45) , and could therefore offer a creative solution to this dilemma.
Based on the assumption that arterial deposition of MION could be avoided by preserving the intact flow dynamics in the injected artery and minimizing the magnetic flux density away from the target site, we designed a novel magnetic targeting strategy by optimizing the arterial flow dynamics and magnetic field topography to override the vascular embolism obstacle (46) . To maintain carotid flow dynamics, we employed a new catheterization procedure that would not require vessel occlusion, by inserting a thin silica capillary tubing (OD: 150 μm), which functioned as a needle, through the vascular wall without compromising the integrity of the artery. This new catheterization technique did not impede the blood flow through the artery, and allowed infusion of MION suspension at a rate of 5 μL/s, while maintaining intact arterial hydrodynamics.
Our innovative and new magnetic targeting approach (28) involved mounting of a small cylindrical permanent magnet (d=9 mm) to a tapered pole of a standard (Fig. 5a ) dipole electromagnet, as illustrated in Fig. 5b . This configuration served to divert the magnetic flux lines emanating from the electromagnet poles to pass through the low resistance cylindrical attachment, thus generating a local maximum of the magnetic field on the exposed pole face of the cylinder. Mapping of the magnetic flux density revealed that the dipole electromagnet, used previously in our targeting studies, generated broad-range and shallow-gradient topography (Fig. 5c) . In contrast, the topographic map obtained with the optimized magnet configuration (Fig. 5d ) exhibited a focal region of maximal flux density (350 mT) which decayed rapidly with the distance from the peak. It is also noteworthy that the small dimensions of the cylindrical attachment allowed to focus the magnetic flux density over a narrow circular region (d~5 mm) approximating to the cross-section of the tumor lesion. As seen in Fig. 5f , by applying this magnetic setup with optimized magnetic field topography, we achieved a 6-fold reduction of the magnetic force at the injection site, alleviating MION aggregation in the afferent vasculature seen previously in Fig. 5e , under an intact carotid blood flow condition.
To fully utilize the benefits of the magnetic field topography, our next step was to align the tumor lesion with the region of the maximal magnetic flux density by properly positioning the rat with respect to the magnetic setup. For such positioning, we used MRI to determine the intracerebral localization of the tumor lesion, since the tumor could be clearly visualized as a hyperintense region on T 2 -weighted MRI scans. To assess the effects of the new approach on targeting efficacy, experiments were conducted using both I.V. and I.A. injection of polyethyleneimine (PEI)-coated MION (PEI-MION) since with its highly positive surface change (47), the plasma clearance of PEI-MION was found to be 80-fold faster than that of starch-coated MION (i.e. G100) (data not shown). Such an exceedingly short plasma half-life of PEI-MION rendered the beneficial effects of I.A. magnetic targeting over the I.V. method to be magnified and clearly verified. As anticipated, while animals with i.v. magnetic targeting did not show any discerned difference between the post-targeting and the baseline GE scans due to rapid systemic clearance of PEI-MION (Fig. 6a) increase in tumor capture of PEI-MION by I.A. over I.V. injection (Fig. 6b, 222 .8 ±66.7 vs. 7.3±0.8 nmol Fe/g tissue, respectively). Interestingly, there was also significant difference in targeting selectivity on brain tumor over contra-lateral normal brain (222.8±66.7 vs. 8.6±1.0 nmol Fe/g tissue) when comparing the two columns on the left of Fig. 6b  following I. A. injection.
It should be pointed out that our results of tumor accumulation of 0.5% of the originally administered MION dose were by far the highest MION capture by a brain tumor reported in the literature under clinically relevant conditions. Although in 1998 Pulfer and Gallo (48) reported an unrealistically high MION capture in rat glioma via I.A. targeting, their results were obtained under permanent ligation of all of the other arteries; an unacceptable procedure in clinical practice. There was also no follow-up from these, or other, investigators to further confirm such findings since 1998.
SOLUTION TO CHANLLANGE 3 AND 4: APPLICATION OF MACROMOLECULAR DRUGS AND CELL PENETRATING PEPTIDE
Most of existing drugs are small, hydrophobic compounds that exert cytotoxic actions by inhibiting DNA synthesis or causing irreparable damage to existing DNA. Action of such agents therefore follows a suicidal mechanism, meaning that they only can act once with their substrates. Small cytotoxic drugs also localize more efficiently in normal tissues than in tumors, due to the high interstitial pressure and unfavorable blood flow within rapidly growing tumors. Because of these limitations, drug concentrations accumulated at the brain tumor are usually extremely low (<1% of the injected dose), rendering most existing small molecule drugs ineffective clinically. To address this low potency issue for existing drugs, we exercised the novel strategy of utilizing macromolecular drugs (e.g. toxins, siRNA) with superior efficiency and a repetitive reaction mechanism to supersede the potency barrier by eradicating tumor at exceedingly low bioavailable drug concentrations at the target site. For instance, IC 50 of the proposed gelonin against human glioma cells was shown to be 15 pmol (49), about 7 orders of magnitude lower than that of commonly used anti-glioma agent BCNU (130 μM) (50) .
Membrane of tumor cells and virtually of all cell types is permeable to only small (<700 Da), hydrophobic drugs. Although a variety of means such as microinjection, scrape loading, and electroporation have been exploited to deliver protein drugs into living cells (51, 52) , these methods are inefficient and also not suitable for clinical use. The most widely used method to-date is via the receptor-mediated endocytosis (53) . This cell-entry method, however, requires invagination and vasculation of the membrane lipid bilayer to form free cytoplasmic vesicles. Since large drugs such as proteins that have entered this pathway remain enclosed within the lipid vesicles, they do not have access to the cell cytoplasm; a pre-requisite for such drugs to exert cytotoxic effects. To counter this obstacle, we proposed a novel strategy by linking the macromolecular drug with a potent yet non-toxic CPP, LMWP (20) (21) (22) (23) (24) (25) . Animal studies demonstrated that by covalently linking CPP (e.g. TAT) to almost any type of drugs (e.g. proteins) or carriers (e.g. MION), CPP was able to ferry the attached cargos into all organ/-tissue types including the brain (54), without causing membrane perturbation or cytotoxicities (27, 54) .
The therapeutic prowess of protein drugs over small agent, and the success of utilizing CPP in overriding the membrane barrier and achieving cellular protein uptake have been addressed in our previous ATTEMPTS system in tumor treatment (30) . As summarized in a recently published review (55) , nmol quantity of TAT-gelonin was already sufficient to eradicate the tumor in a mouse CT-26 xenograph model. We conducted pilot tumor regression studies on CT26 colon carcinoma-bearing BALB/c mice using TAT as the representative CPP and gelonin, a protein toxin that inhibits protein synthesis by cleaving mRNA but is also known to be cell-impermeable, as the model protein drug. As shown in Fig. 7 , mice treated with TAT-gelonin (TAT-Gel) conjugate displayed remarkable regression in tumor growth compared to the gelonin alone and PBS control group. The average tumor weights after 4 weeks of treatment were 0.33+0.12 g (c and e: n=10), 2.86+0.5 g (b and d: n=9) and 3.16+0.65 g (a: n=5) respectively. The fact that micrograms (or nmol) of gelonin was already sufficient to eradicate the tumor showed the therapeutic prowess of protein drugs over small agents. These results also gave proof of using CPP to override the tumor membrane barrier.
SOLUTION TO CHANLLANGE 5: APPLICATION OF PRO-DRUG SYSTEM
Like most organs, the brain lacks a targeting specificity. Hence, any drug intended for combating the brain tumor, regardless how it is administered, would distribute profoundly to the other organs/tissues, resulting in limited therapeutic effects toward the tumor but toxic drug side effects toward non-targeted organs/tissues. Although the lack of tumor selectivity can be circumvented by attaching the drug with a targeting moiety such as an antibody or a peptide ligand (e.g. RDG), yet adding the targeting function alone would not completely abort the drug-induced side effects; simply because the drug could still exert cytotoxic effects on peripheral tissues along its travel to the target. Combining both the targeting and prodrug features into a single delivery system, in which the drug remains inactive during its travel and targeting but is then converted to the active form at the tumor site, deems to be a clever way to resolve this selectivity limitation. Indeed, based on this principle, an approach termed antibody-directed enzyme prodrug therapy (ADEPT) (56, 57) , which permits specific enzymatic conversion of a prod rug at the target site to the active parent drug, has attained some success in delivering small therapeutic agents to tumors without drug-induced toxic effects. Recently, another approach developed by our group termed antibody targeted, triggered, electrically modified prodrug type strategy (ATTEMPTS) (58) , which invents the prod rug feature onto a protease drug (t-PA) by blocking the catalytic domain of the drug with an appended macromolecule and then reinstates the original proteolytic activity of the drug at the target site by releasing the blockage with a triggering agent, has further advanced the utility of this type of delivery approach to include macromolecular drugs. However, without a means to facilitate an effective cellular drug uptake, the ADEPT system is restricted to mainly existing small drugs (e.g. doxorubicin that can enter cells by itself (59)) and the ATTEMPTS system to enzyme drugs that exert activities solely in the circulation or extracellular environment (e.g. asparaginase (60)).
To prevail over this obstacle of drug-induced systemic toxicity, we devised a highly innovative prodrug strategy by incorporating a prodrug feature into a targeted DDS, so that the drug will remain inactive in the circulation during tumor targeting thus aborting its effect on normal tissues, but is then converted to its active form selectively at the tumor target, thereby causing destruction only to tumor cells. we utilized a heparin-induced inhibition on the cellpenetrating activity of CPP to create the prodrug feature, and subsequently the protamine-induced reversal of heparin inhibition to resume cell transduction of the protein drug via the CPP function (55) .
In the same TAT-gelonin (TAT-Gel) system mentioned in Solution to 3 and 4 ( Fig. 7) , adding heparin to the TATGel solution prior to its injection showed a complete inhibition on TAT-mediated gelonin uptake, as no statistically meaningful regression on tumor mass was observed (d: 2.86+0.57 g) when comparing with the control group (a: 3.16 + 0.65 g). Addition of protamine to the heparininhibited TAT-Gel, however, completely reversed this inhibition and resumed the cytotoxic activity of TAT-Gel, as tumor growth was reduced to an insignificant mass value of 0.17+0.09 g (e).
It should be pointed out that despite the promise of CPP in resolving the membrane barrier, the absence of selectivity by CPP in mediating cell entry renders this method an unacceptable practice in drug delivery, due to risk of introducing drug toxicity on normal organs/tissues (61). Our approach is the first known system to overcome this selectivity issue, enabling CPP-mediated cellular drug delivery to be practically applicable clinically.
PROOF OF CONCEPT DEMONSTRATION
To provide a proof-of-concept demonstration of the overall feasibility of our DDS, β-Galactosidase (β-Gal) was selected as the model protein drug during the initial study to verify the utility of the above strategy in selectively delivering active protein into the brain tumor; due to its large size (MW: 465 kDa) and easily detectable in vivo activity. Commercial heparin-linked MION (Hep-MION) from Chemicell was used as the drug carrier. β-Gal was modified with PEI for several reasons. First, PEI was known to possess the trans-cell activity similar to that of the CPPs adopted in our system. Uptake by brain tumors of PEI-modified magnetic carriers via an adsorptive endocytosis mechanism has already been documented (48, 62) . Indeed, both PEI and CPP have been widely used as an effective transfection agent to enhance cellular uptake of DNA (63, 64) . Furthermore, after electrostatic adsorption of the positively charged PEI-β-Gal onto the negatively charged Hep-MION, the self-assembled β-Gal/MION would carry a cationic surface similar to that of PEI-MION which was studied in our previous magnetic targeting work (47) .
β−Gal was chemically modified with short-chain PEI (MW: 1200 Da) using a previously established EDC activation procedure (65) . The PEI-β-Gal conjugates thus prepared retained >80% of original enzyme activity. They were then loaded onto Hep-MION via simple electrostatic interaction between PEI and heparin. Results from ζ-potential measurements revealed that the surface of Hep-MION was converted from the initially negative value (−33 mV) to positive value (+24 mV) following complexation. Analysis of the protein content yielded a loading capacity of 7.2±0.4% (w/w), significantly higher than the previously reported loading of 2.8± 0.16% of β-Gal on PLGA microspheres (66) .
For magnetic targeting, Fisher 344 rats harboring 9 L brain glioma were placed supinely on the platform with head being positioned according to the mapped magnetic field topography described previously to align the tumor with the peak field density and gradient (28, 46) . The magnetic field density at the pole face of the magnet was adjusted to 0 T (control) or 350 mT (experimental). Animals were then injected with the PEI-β-Gal/Hep-MION complexes at a dose of 1.8 mg protein and 12 mg Fe/kg via catheterized carotid artery and retained in magnetic field for 30 min. Rats were imaged with MRI before nanoparticle administration and after the magnetic targeting as described earlier.
Protamine was then administered nasally. Previous studies using nasal administration of FITC-labeled protamine to mice and then imaging the brain organs with a Xenogen IVIS instrument revealed that the fluorescence intensity in the olfactory bulb and brain of animals with nasal protamine was 10-and 2-fold stronger than the respective organs in the control animals (data not shown). Immediately following protamine administration, the rats were transcardially perfused with cold PBS, dissected, and the isolated brain divided into right and left hemispheres. The tumor was carefully separated from the normal tissue of the right hemisphere, and tumor segments were stored at −80°C for β-Gal histochemistry studies.
MRI scans showed consistent results as observed previously. To avoid redundancy and repetition, MRI scans will not be presented again. In general, in the absence of magnetic targeting, no clear difference was visually discerned between the post-targeting and the baseline GE brain scans of control animals receiving PEI-β-Gal/Hep-MION but without magnetic targeting. With magnetic targeting, the GE post-targeting scan of experimental animal again displayed a region of pronounced hypointensity, spatially corresponding to the location of the tumor lesion; validating a successful delivery of the β-Gal-loaded MION to the tumor site.
To further assess brain distribution and functionality of the delivered protein, we also analyzed the excised tumor and contra-lateral brain tissues for β-Gal activity. Again, no significant difference in activity (p=0.596) was observed between the tissues of control animals injected with the PEI-β-Gal/Hep-MION complexes but without magnetic targeting. In sharp contrast, tumors of magneticallytargeted rats exhibited significantly higher β-Gal activity (p <0.001) than the control tissues. In particular, a 4.7-fold higher β-Gal activity (p<0.001) was detected in tumors of the animals with magnetic targeting (636±42 μU/g tissue) than those without magnetic targeting (134±46 μU/g tissue), confirming viability of the developed magnetic targeting procedure for delivery of a functional protein to the target site. Moreover, in targeted animals a 7.5-fold higher selectivity of β-Gal localization in the brain tumor (636±42 μU/g tissue, p<0.001) than in the contra-lateral brain tissues (85±30 μU/g tissue).
The most convincing proof of the specific brain tumor delivery came from histochemical evaluation of β-Gal activity using X-Gal staining of various brain sections in targeted rats. As shown in Fig. 8 , excessive deposition of β-Gal in the tumor (T; Left) but not the ipsi-lateral (IB, Middle) or contra-lateral (CB; Right) normal brain regions was observed, confirming tumor-selective β-Gal delivery due to release of PEI-β-Gal from Hep-MION at the tumor target by nasal protamine. Although at a higher magnification (inset) many β-Gal activities were seen to locate outside the capillaries (stained in red), this phenomenon could be due to an artifact resulting from non-homogeneous staining of the capillary. Future investigation is therefore warranted to fully confirm the location of the tumor-delivered β-Gal. These results represent by far the first experimental success in a rat model of delivering microgram quantity of the 465 kDa β-Gal selectively into a brain tumor but not to normal brain regions (46) .
At this moment, the mechanism of β-Gal delivery into the tumor is not completely clear. Of course the most likely route would be through the PEI-mediated cell-internalization of the PEI-β-Gal conjugates which were released via the triggering action of nasal protamine. However, as discussed earlier, tumor uptake of PEI-modified magnetic carriers via adsorptive endocytosis has been reported (48, 62) , and thus it could also be that the entire PEI-β-Gal/Hep-MION complexes were delivered into the tumor due to presence of PEIcovered surfaces on the complexes. On the other hand, it was also documented in the literature (63, 67) that ionic binding between PEI-modified compounds and heparin-modified carriers is reversible, and thus it could be that the PEI-β-Gal conjugates were desorbed from the Hep-MION carrier after a time span following tumor localization of the complexes by magnetic targeting. The desorbed PEI-β-Gal could then cross the vascular wall into the tumor interstitium via the adsorptive endocytosis mechanism demonstrated by those investigators. Our ESR analysis on the content of MION carrier and enzymatic assay on β-Gal activity of dissected tumor tissues yielded a lower MION/ PEI-β-Gal ratio comparing to that of the original complex, implicating that both events might have occurred concurrently; although detailed investigations are warranted to further prove this aspect. Regardless, highly selective tumor targeting and successful tumor delivery of the very large β-Gal have been accomplished.
To our knowledge, this is by far the first report that describes selective delivery of a significant amount of a macromolecular protein compound (aside from antibodies) directly into the parenchyma of a brain tumor but not in the normal brain regions. The only other report on successful brain delivery of β-Gal was from Dowdey's group with the focus on demonstrating the prowess of the cell-penetrating TAT peptide (a CPP) on its mediated cell protein transduction (54) . In their report, 4 h after intraperitoneal injection into the mice of a fused protein consisting of TAT and a significantly shortened β-Gal monomer (MW: 120 kDa), the β-Gal activity was found in tissues of all organ types including the brain. Nevertheless, the absence of selectivity by CPP on its mediated cell internalization prohibits it from any possible clinical use in achieving effective brain tumor drug delivery, due to concerns of introducing drugassociated toxic effects (61) . In addition, this method required administration of 40-200 nmol/kg of the TAT-β-Gal conjugates in order to achieve a detectable level of β-Gal in the brain, whereas our results indicated that we were able to achieve a higher β-Gal accumulation in the brain tumor with a dose as low as merely 4 nmol/kg (10 to 50-fold dose reduction), and yet without detection of β-Gal activity in the ipsilateral and contralateral normal brain regions. With integration of the potent cell-penetrating LMWP in replacing PEI to facilitate tumor uptake, further optimization of the efficacy of I.A. magnetic targeting using MION with superior magnetophoretic mobility incorporation of the reversible prodrug feature with heparin/protamine-induced regulation, and selection of a potent, tumor-specific macromolecular drug such as the recently reported tumorspecific ATF5-siRNA, the outcome of this proposed noninvasive DDS in treating brain tumors could be even more promising.
Toxicity, Pharmacokinetics, and Biodistribution Evaluation
As a key organ of the RES, the liver is a major depository for drug carriers including MION. Nevertheless, it is believed that the proposed DDS would not induce significant liver or systemic toxicity, since as a clinical contrast agent MION has been extensively evaluated in animal and preclinical settings and proven to be non-toxic (68) , and thus the LMWP-Drug/MION complexes are expected to remain intact (i.e. prodrug) without releasing LMWP-Drug to trigger systemic toxicity. However, to ensure clinical safety of this DDS, comprehensive liver and systemic toxicity will be evaluated. Although the system will utilize the intra-arterial (I.A.) injection route, pharmacokinetics and biodistribution can actually be studied by intravenous injection. This is because after I.A. injection MION would rapidly join systemic circulation as if they were I.V. injected, providing the fraction of the MION dose entrapped in the brain on the first pass is rather small (69) . Aside acquiring basic information, since our DDS proposes a triggered release of LMWP-Drug from the Hep-MION carrier, pharmacokinetic findings would be of great value to verify whether these two components could remain attached in vivo in the absence of protamine. Results of the will be reported in future publications.
CONCLUSIONS
In this review, we instituted basic principles including the use of: [1] MRI, [2] magnetic targeting, [3] macromolecular drugs, [4] CPP-mediated intracellular drug uptake, and [5] prodrug and tumor-specific drug activation into one single DDS to overcome all of the obstacles, thereby achieving a potentially non-invasive, MRI-guided, clinically enabled yet minimally toxic brain tumor drug therapy. Innovation of this system lies in its integration of state-of-art technologies and enabling them to function as a single unit to address each and collectively all of the scientific challenges for brain delivery systems.
By applying a topography-optimized I.A. magnetic targeting to dodge rapid organ clearance of the carrier during its first passage into the circulation, tumor capture of MION was enriched by >350 folds over that by conventional passive EPR targeting. Also by adopting the prodrug strategy, Fig. 8 Histochemical analysis of cryo-sections from (T) tumor (left); ipsilateral brain (middle); and (63) contralateral brain (right) regions (scale: 100 μm). Sections were stained with X-Gal. Inset: at higher magnitude (scale: 25 μm); capillaries stained with Burrstone's Red.
we observed by far the first experimental success in a rat model of delivering micro-gram quantity of the large (465-kDa) β-Gal model protein selectively into a brain tumor but not to the ipsi-or contra-lateral normal brain regions. With the therapeutic regimens of most toxin/siRNA drugs to fully (>99.9%) eradicate a tumor being in the nano-molar range, the prospects of reaching this threshold become practically accomplishable.
This DDS offers a number of unmatched advantages over existing treatment modalities. First, it requires no surgical intervention of the brain, thereby aborting risks of damaging surrounding normal tissues carrying vital brain functions. Second, the responsiveness of MION to an external magnetic field would enable a significantly enhanced active tumor targeting. Third, the low diffusivity and its endocytosis by metabolically active cells of the MION would not only provide sharper and prolonged delineation between tumor and surrounding, often edematous normal tissues, but also allow detection of (in other words, delivery of drugs to) micrometastases that often remain undetectable (due to lack of neovascularity) and at distances away from the main tumor margin. Fourth, synchronization of MRI with drug therapy would allow neuro-oncologists in staging tumors and monitoring the response to drug therapy. Lastly, owing to the non-invasiveness of this DDS, repeated or combined drug therapies can be readily carried out until the tumor volume, visualized by MRI, is reduced to a threshold value at which it can be managed by the host immune system. What's worth noting is that most of the components of the described system are feasible for clinical translation, therefore, it is envisioned that this DDS would have a great potential to effectively combat brain cancers in the foreseeable future. Last but not least, since most of technologies involved in this system can be readily applied to other DDS, the value and impact of this project in drug delivery research should be far-reaching, prevalent and wide-spread.
